INTRODUCTION
Over 20 viruses have been reported on cowpea in several parts of the world (Hughes and Shoyinka, 2003; Lima et al., 2005) , of which over eight viruses infect cowpea in Africa (Hughes and Shoyinka, 2003) . While some of these viruses occur occasionally with local or minor importance, some are widely spread with significant economic importance (Hughes and Shoyinka, 2003) . Cowpea aphid-borne mosaic virus (CABMV), of the family Potyviridae and genus Potyvirus, is one of the viruses reported to cause the most important viral disease on cowpea in Africa (Taiwo, 2003) . CABMV was first reported in Uganda in 1981 (Anon, 1981 and is now widely distributed in the main cowpea growing areas of the country (Orawu et al., 2005 (Orawu et al., , 2015 .
Using next-generation sequencing (NGS), the first complete genome sequence for a Ugandan isolate (Serere 1) of CABMV was recently published by Mbeyagala et al. (2018) . Transmission of CABMV through seed is variable, but can be as high as 80% (Ojuederie et al., 2009) , and is efficiently vectored by several aphid species such as Aphis craccivora, A. fabae, A. gossypii, A. medicaginis, Macrosiphum euphorbiae and Myzus persicae (Bashir et al., 2002) .
The worldwide nature of CABMV occurrence (Bashir et al., 2002) pauses a serious threat of further spread through seed shipments. CABMV alone can cause yield losses of up to 60% (Neya et al., 2015) , but can also interact with other viruses leading to severe mosaic diseases (Lima et al., 2005; Taiwo et al., 2007) .
Previous molecular diagnostic work on the same virus was reported by Gillaspie et al. (2001) on groundnuts. Their study yielded a diagnostic amplicon of 221 bp. However, validation of this assay on CABMV infected plants from Uganda did not yield the same amplicon (Amayo, 2008) . This could have been due to difference in the strains and the nonspecificity of the primers used in a different host. This study was designed to optimise molecular detection of CABMV in cowpea, through design of new primer sets and reverse transcriptase-polymerase chain reaction (RT-PCR) conditions.
MATERIALS AND METHODS
Plant samples. Fourty leaf samples from plants characteristic virus symptoms were collected from farmers' fields in Serere and Ngora districts in eastern Uganda during first season of 2017. The leaves were dried by placing them between paper towels; and inserted in ziploc bags, and silica gel added. The bags were placed horizontally in a plastic container and tightly closed. Complete drying of samples was achieved in 2-3 days at room temperature, with at least a single change of silica gel. The dried leaf samples were used for RNA extraction and virus detection by RT-PCR. Forty fresh leaf samples were also collected and kept in cool boxes (4-8 o C) containing ice for serological assay, using Nitrocellulose membrane based ELISA (NCM-ELISA).
Nitrocellulose membrane based ELISA (NCM-ELISA). NCM-ELISA procedure was carried out as described by Fuentes (2010) . Positive and negative controls, as well as the 1 st antibody and the 2 nd antibody (conjugated with alkaline phosphatase), were obtained from DSMZ (Braunschweig, Germany). The substrate-chromogen solution, BCIP/NBT (5-Bromo-4-chloro-3-indolyl phosphate/nitro-blue tetrazolium chloride), was obtained from Sigma (St. Louis, USA). Colour development was stopped by discarding the substrate solution and immersing the membrane in distilled water for 10 min. Positive reactions were identified by purple coloration of blots; while negative samples remained blue.
RNA extraction and cDNA synthesis. Dried leaf samples were ground into powder using sterile mortars and pestles; with the help of liquid nitrogen. RNA extraction was carried out using AccuZol reagent (Bioneer, Seoul, Republic of Korea), according to the manufacturer's instructions. Quality was checked using TAE/Formamide agarose gel electrophoresis, as described by (Masek et al., 2005) ; and quantified using NanoDrop spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). RNA samples showing intact 18S and 28S subunits on agarose gel were used for cDNA synthesis. The oligo(dT) 18 primed synthesis of complementary DNA (cDNA) on 2 µg of total RNA was achieved using RevertAid Reverse Transcriptase (RT), a recombinant M-MuLV RT according to manufacturer's instructions (Thermo Fisher Scientific, Massachusetts, USA).
Primer sequences used. Primers for virus detection were designed based on available sequence data (from DDBJ/ENA/ GenBank) from full genome sequences for the forward primers, and partial sequences at the 3'untranslated regions (3'-UTR) of CABMV, for reverse primers. The sequences were aligned using multiple alignment softwares; ClustalX Version 1.83 (Thompson et al., 1997) and MEGA7 (Kumar et al., 2016) . Following the multiple alignment, five primer pairs (Table 1) were designed with the forward/left primer for the first pair starting at the conserved GNNSGQ motif located in the center of the nuclear inclusion protein b (NIb) (Zheng et al., 2010) . Subsequent forward primers were located downstream of the GNNSGQ motif. Reverse/right primer sets were designed in the 3'UTR regions. An additional primer pair (GF/ GR) designed by Gillaspie et al. (2001) was also included.
Polymerase chain reaction (PCR)
conditions. Following optimisation of PCR conditions, only CABFF1/CABRR1 out of the five primer pairs was effective; thus further sections on methodology, results and Gillaspie et al. (2001) . PCR products were analysed by electrophoresis in 1% agarose gel in 1× TAE buffer, and stained with ethidium bromide. Gel electrophoresis was carried out at 100V for 60 min. After electrophoresis, images of the PCR products were captured/visualised using an inbuilt camera in an E-Gel® Imager System (Thermo Fisher Scientific, Massachusetts, USA) under UV light.
. Amplicon sequencing and sequence analysis. The PCR products were purified from the gel using Wizard SV Gel and PCR Clean-Up System (Promega, Madison, USA), following the manufacturer's instructions, and directly sequenced. Sequencing was carried out at Macrogen Inc (Macrogen Europe Laboratory, Amsterdam, The Netherlands). Sequence data were compared to published DNA sequences using a Basic Local Alignment Search Tool (BLAST), as described by Johnson et al. (2008) . Related sequences identified through BLASTN analysis were used in phylogenetic analysis. A total of 21 sequences, including an out group (Barley yellow dwarf virus-BYDV) were included in the analysis.
Multiple sequence alignment and computation of nucleotide sequence identities were done using the BioEdit software version 7.0.5 (Hall, 1999) . Phylogenetic relationships were inferred using the Maximum Likelihood method, based on the Tamura-Nei model (Tamura and Nei, 1993) implemented in MEGA7.0 (Kumar et al., 2016) . Initial tree(s) for the heuristic search were obtained automatically, by applying Neighbor-Joining and BioNJ algorithms, to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting the topology with superior log likelihood value. The trees were drawn to scale, with branch lengths measured in the number of substitutions per site.
Statistical significance of branching for phylogenetic trees was assessed using bootstrap analyses of 1,000 different alignments from the original dataset, and reported as percentage.
RESULTS
Virus detection by NCM-ELISA. CABMV was detected in all plant samples by NCM-ELISA, including the positive and negative controls. NCM-ELISA, therefore, was not able to distinguish between positive and negative samples, since all samples gave positive signals.
Virus detection by RT-PCR.
Among the six primer pairs that were designed, only one primer (CABFFI/CABRRI) was able to give CABMV amplification when tested on the positive controls. The primer pair was, therefore, used to differentiate all collected samples into negative and positives. CABFFI/ CABRRI primer pair yielded the expected PCR product of approximately 1,642 bp (Fig. 1) . However, the GF/GR primer designed by Gillaspie et al. (2001) produced a PCR product of about 400 bp instead of the expected 221 bp (Fig. 2) .
BLAST and pairwise sequence comparison of CABMV isolates. BLAST analysis (BLASTN) of nucleotide sequences from CABFF1/CABRR1 amplicons from Ugandan CABMV isolates showed similarity to coat protein (CP) sequences of other CABMV isolates in the DDBJ/ENA/GenBank (Fig. 3) . However, BLAST analysis of sequence data 1500pb 1642 pb from GF/GR primer fragments gave no virus hits (there were no significant alignments) ( Fig.  4) . Nucleotide sequences for three Ugandan CABMV isolates (CABMV-H1, CABMV-H2 and CABMV-H5) were deposited in the DDBJ/ ENA/GenBank under accession numbers MH151199, MH151200 and MH151201, respectively. Sequences for these isolates contained a single open reading frame (ORF) of 278 aa encoding the entire coat protein (CP) followed by a non coding region of 147 nt, 150 nt and 144 nt, excluding the poly A tail for CABMV-H1, CABMV-H2 and CABMV-H5, respectively. The Ugandan CABMV isolates exhibited 62-75% nucleotide identity with CABMV isolates from Brazil, 72-75% identity with and isolate from Nigeria and 68-75% identity with isolates from Burkina Faso ( Table 2 ). The molecular diversity among the Ugandan CABMV isolates was very limited, ranging from 89-94% with the lowest identity observed between CABMV-H1 and CABMV-H5.
Phylogenetic analysis of CABMV isolates.
Phylogenetic analysis showed little divergence among CP sequences for the three Ugandan isolates as shown by the very short branch lengths. It is, therefore, possible that the three isolates belong to the same strain of CABMV. The Ugandan isolates were closely related to other CABMV isolates from Burkina Faso, but very different from Brazilian isolates (Fig. 5 ).
DISCUSSION
Virus detection by NCM-ELISA. NCM-ELISA test was unable to distinguish between positive and negative samples, since all samples gave positive signals. ELISA tests are often associated with giving false signals (false positives) and this could be associated with cross reaction of antibodies with plant proteins or other viruses (Dietzgen et al., 2001; Gutierrez et al., 2003; Kashif, 2009 ). Cross reaction makes it difficult to correctly distinguish/separate infected from non- infected samples, rendering accurate virus detection impossible. Cross adsorption of membranes with extracts (plant sap) from healthy plants was reported as efficient in preventing reaction of antibodies with plant proteins in sweet potato (Gutierrez et al., 2003) . The potential of cross adsorption with cowpea plant extracts, therefore, needs to be evaluated.
Virus detection by RT-PCR.
An RT-PCR assay optimised in this study using a newly designed CABFFI/CABRR1 primer was able to detect CABMV in the infected cowpea plant samples that were tested. This primer set yielded the expected amplification of 1,642 bp (Fig. 1) . While reverse transcriptase PCR (RT-PCR) is a reliable method for diagnosis and allows for further characterisation of cowpea viruses (Akinjogunla et al., 2008) , not all RT-PCR assays are efficient. An earlier protocol described by by Gillaspie et al. (2001) failed to detect CABMV in positive samples in this study (Fig. 2) , as was observed by Amayo (2008) . However, other studies using the protocol by Gillaspie et al. (2001) reported its ability to give the expected fragment size (221 bp) (Byarugaba, 2008; Amayo et al., 2012) . Non-specificity of the RT-PCR assays could be attributed to nucleotide differences in sequences used to design diagnostic primers. Primers designed by Gillaspie et al. (2001) were based on a single Brazilian CABMV strain and, thus were strain specific. However, in the present study, alignment of multiple sequences from different strains improved the specificity of the diagnostic primer (CABFFI/ CABRR1) and, therefore, improved its efficiency for detection of CABMV in Uganda.
BLAST, pairwise sequence comparison and phylogenetic analysis of CABMV isolates.
Molecular analysis of the CP fragments amplified using the CABFFI/CABRR1 clearly identified them as CABMV belonging to the family Potyviridae (Fig. 3) . In the present Gillaspie et al. (2001) did not give any hits related to CABMV (Fig. 4 ) and, therefore, was unable to detect the virus in Uganda. The criteria set by the International Committee for Taxonomy of Viruses (Adams et al., 2011) and other taxonomic studies (Adams et al., 2005) suggested a benchmark for species demarcation in the family Potyviridae as a nucleotide sequence identity of less than 76%, either in the CP or over the whole genome. Using this criteria, the three virus isolates from cowpea are all the same species (Table 2) belonging to the same strain of CABMV (Fig. 5 ).
CONCLUSION
Using a newly designed primer pair (CABFFI/ CABRR1), we have optimised a reliable and accurate RT-PCR assay for detection of CABMV in cowpea leaf samples. The assay produced a PCR fragment of approximately 1,642 bp, which upon sequencing yielded the complete CP region of CABMV. The new assay clearly distinguished between positive and negative samples that could not be distinguished using NCM-ELISA. Sequencing of amplicons for the Ugandan CABMV isolates tested using the assay and subsequent phylogenetic analysis showed that they belong to the same strain of CABMV. Further studies utilising the new diagnostic assay are needed to determine the distribution of CABMV in the main cowpea growing areas of the Uganda. The assay will also be applicable in cowpea breeding to aid selection of virus resistant progenies. Additionally, this assay will contribute to efficient screening of samples before exist or entry (international exchange of germplasm and quarantine protection) into the country, thus limiting the spread of the virus. Since CABMV has a wide host range infecting both legumes and non legumes, the new assay can also be used to detect CABMV in alternative hosts in the country.
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